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Abstract.  Laminin self-assembles into large polymers 
by a cooperative two-step calcium-dependent mecha- 
nism (Yurchenco, P.  D., E. C.  Tsilibary, A.  S. 
Charonis, and H.  Furthmayr.  1985.  J.  Biol.  Chem. 
260:7636-7644).  The domain specificity of this pro- 
cess was investigated using defined proteolytically 
generated fragments corresponding to the NH2-terminal 
globule and adjacent stem of the short arm of the B1 
chain (E4), a  complex of the two short arms of the A 
and B2 chains attached to the proximal stem of a  third 
short arm (El'), a  similar complex lacking the globu- 
lar domains (PI'), and the distal half of the long arm 
attached to the adjacent portion of the large globule 
(E8).  Polymerization, followed by an increase of tur- 
bidity at 360 nm in neutral isotonic TBS containing 
CaCI~ at 35°C,  was quantitatively inhibited in a 
concentration-dependent manner with laminin frag- 
ments E4 and El' but not with fragments E8 and PI'. 
Affinity retardation chromatography was used for fur- 
ther characterization of the binding of laminin do- 
mains. The migration of fragment E4, but not of frag- 
ments E8 and PI', was retarded in a temperature- and 
calcium-dependent fashion on a  laminin affinity 
column but not on a  similar BSA column. These data 
are evidence that laminin fragments E4 and El' pos- 
sess essential terminal binding domains for the self- 
aggregation of laminin, while fragments E8 and PI' do 
not. Furthermore, the individual domain-specific inter- 
actions that contribute to assembly are calcium depen- 
dent and of low affinity. 
B 
ASEMENT membrane laminin is a multidomain glyco- 
protein composed of three polypeptide chains in a 
four-armed structure (4).  The NH2-terminal moieties 
of  the B1, B2, and A chains form the three short arms of lami- 
nin, each containing multiple cysteine-rich repeats (domains 
III and V) and pairs of globular domains (domains IV and 
VI). The sequence of the A chain (19) indicates it also pos- 
sesses a third short ann globule, a structure difficult  to detect 
by electron microscopy. These three chains join at the inter- 
section of the cross, fusing to form a  long (77-nm)  alpha- 
helical triple coiled-coiled arm (16) and a terminal globular 
domain, the latter exclusively formed by the A chain (19). 
This glycoprotein is a major structural component of base- 
ment membranes and interacts with both cells and structural 
macromolecules. The interactions contributing to cell bind- 
ing  or  basement  membrane  architecture  involve  specific 
regions or domains of laminin. Entactin (nidogen), a dumb- 
bell-shaped glycoprotein, tightly binds the inner cross region 
of laminin (17). This protein in turn serves to bridge laminin 
to type IV collagen (21). Type IV collagen also appears to 
bind directly to the ends of the long and short arms (3). 
Heparin and related glycosaminoglycans bind the long arm 
globule of laminin (14). Finally, laminin binds to itself. 
Laminin self-assembly is characterized by the formation 
of large polymers (26).  The process  appears to occur by 
nucleation/propagation and can be divided into two steps. 
The first step is temperature dependent, with the formation 
of small oligomers in which both long and short arm terminal 
interactions can be visualized by electron microscopy. In the 
second step, oligomers are converted to large aggregates: this 
step requires the presence of divalent cations, especially cal- 
cium (26).  At a concentration >2/zM, laminin undergoes a 
sol-to-gel transition (27). While the supramolecular organi- 
zation of laminin in tissue has not yet been determined through 
direct visualization, there is indirect evidence to support the 
hypothesis that a laminin polymer exists also in vivo. First, 
laminin can be  found in basement membrane (13  /zM  in 
Engelbreth-Holm-Swarm tumor matrix), well above both the 
sol-to-gel transition point and the minimum concentration 
that would allow each molecule to bind its laminin neighbor 
(25).  Second, most laminin can be liberated in soluble form 
from various basement membranes simply by the addition of 
EDTA or EGTA to neutral isotonic buffer (17). Third, there 
are laminin-rich basement membranes that lack a type IV 
collagen scaffolding (1). Recently, it has been found (15) that 
each laminin can bind ,o16 calcium ions, that calcium ap- 
pears to induce conformational changes in the protein (18), 
and that one to two of these interactions are of sufficient 
affinity to account for laminin polymerization. 
In this study, we have examined the domain specificity and 
the temperature and calcium dependence of the self-assem- 
bly reaction of the protein domains contained in fragments 
E,4, E8,  El', and PI'. 
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Preparation and Ixtbeling of Laminin and 
Its Fragments 
Laminin.  Purification steps were carried out at 0-5°C. Laminin was iso- 
lated from lathyritic Engelbreth-Hoim-Swarm tumor as the laminin-entac- 
tin complex based on the method of Paulsson et al. (17). While entactin 
(nidogen) is not required for laminin self-assembly (15), the laminin-entac- 
tin complex purified in this fashion gave more reproducible results with re- 
spect to quantitation of polymer formed. Briefly,  ,o250 g of frozen tumor 
was homogenized in 0.1 M NaCI, 50 mM Tris-HCl, pH 7.4, containing 0.5 
mM diisopropyl fluorophosphate, 10 ttg/ml p-hydroxymercuribenzoate, and 
1 mM PMSE After washing the pellet by centrifugation, laminin-entactin 
was twice extracted with 500 ml of the above buffer containing 10 mM 
EDTA and centrifuged to remove insoluble residue. Aliquots (100 ml) of 
combined extract were chromatographed on a Sephacryl $500 (Pharmacia 
Fine Chemicals, Uppsala, Sweden) column (5  x  95 cm) in 0.1 M NaCI, 
50 mM Tris-HCl, pH 7.4, 2.5 mM EDTA, 10 ttg/ml p-hydroxymercuriben- 
zoate, 1 mM PMSE The first and major peak was then pooled and loaded 
onto a DEAE-Sephacel (Pharmacia Fine Chemicals) column (5  x  10 era) 
equilibrated in 50 mM Tris-HCI, pH 7.4,  2.5 mM EDTA, 10 ttg/ml p-hy- 
droxymereuribenzoate, 1 mM PMSE After collection of an unbound frac- 
tion of laminin-entactin, the column was subjected to an 0-0.8 M  linear 
NaCI gradient (total 1 I). The unbound and first bound peak were separately 
pooled. The unbound and bound fractions were used for the experiments 
or the generation of defined proteolytic fragments, as described below. 
Preparation of Laminin bVagnwnts El', E4, and E& The elastase frag- 
ments were generated proteolytically and purified by a modification of the 
methods of Ott et al. (14) and Paulsson et al. (lg). Laminin-entactin, at ,x,2 
mg/ml in TBS (0.13 M NaCI, 10 mM Tris-HCI, pH 7.4) with 2 mM EDTA, 
was digested with a  1:240 enzyme-to-substrate ratio with porcine elastase 
(Serva Fine Biochemicals Inc., Garden City Park, NY;  101 U/mg) at 4°C 
for 1 h and then 25°C for 23 h. After inhibiting further digestion with 1 mM 
PMSF, aliquots (15-20 ml) of  digested protein were loaded onto a Sepharose 
CL-6B column (2.6 x  90 era) and eluted with the same buffer.  Four peaks 
were obtained, the second usually as a shoulder on the first:  the first was 
enriched in El', the second in ES, and the third in FA. These peaks were 
pooled, dialyzed into 50 mM Tris-HCl, 0.5 mM PMSF, pH 8.5, concen- 
trated with Aquacide (Calbiochem-Behring Corp., San Diego, CA), and 
purified by ion exchange high performance liquid chromatography on a 
glass-packed TSK-DEAE-5PW column (0.8  x  7.5 cm; LKB Instruments, 
Inc.. Gaithersburg, MD), which was elnted with an 0-0.5 M NaCI gradient 
in the same buffer.  Purity was assayed by SDS-PAGE and electron micros- 
copy of rotary-sbadowed Pt/C replicas. 
Preparation of Lamlnin Fragment PI'. As previously described (26) 
laminin-entactin was dialyzed into 10% acetic acid and digested with pepsin 
(Sigma Chemical Co., St. Louis, MO) at an enzyme-to-substrate ratio of 
1:15 and a laminin concentration of  0.9 mg/ml at 15"C for 24 h. The reaction 
was stopped by adjusting the pH to 7.4 with I  N NaOH. The protein was 
then dialyzed into 50 mM Tris-HC1,  1 mM PMSF, pH 7.4,  concentrated 
with Aquacide II (Calbiocbem-Behring Corp.) to ,o20 ml, and mixed with 
CaCI2 to a final concentration of 1 M. Final purification was accomplished 
by gel filtration on a 2.5  ×  95-cm agarose A-5m (Bio-Rad Laboratories, 
Richmond, CA) in 50 mM "Iris, pH 7.4, containing I M CaCI2 and 1 mM 
PMSE 
Radioiodination of Laminin b'h~,ments.  1 mg of laminin fragment E8 
was dialyzed into TBS and mixed with 1-2 mCi of carrier-free Na125I (ICN 
Radiochemicals, Irvine, CA), 20 td of a I mg/ml solution of lactoperoxidase 
(Sigma Chemical Co.), and 50 ttl of  0.003 % hydrogen peroxide. The sample 
was incubated at 22-26°C for 15-20 min, placed on ice, and mixed with 
50 t~l of  saturated aqueous tyrosine. The solution was then purified on a 2-ml 
(,ol0  ×  0.6-cm) Sepbadex G-25 column (Pharmacia Fine Chemicals) and 
equilibrated in TBS with 0.2 mM EDTA to remove the bulk of free iodine. 
The pooled peak was then further purified by gel filtration in the cold on 
an 0.6  ×  45-cm Sepharose CL-6B column. Samples, aRer pooling, were 
stored as aliquots in liquid nitrogen. 
1 mg each of laminin fragments E4 and PI' were dialyzed into 0.13 M 
NaCI,  10 mM sodium phosphate, pH 7.4,  and added to 400 t,Ci of 125I- 
Bolton-Hunter reagent (NEM Research Products, Boston, MA). The solu- 
tions were incubated on ice for 2 h. The reaction was stopped with 20 ~l 
of 0.5 M  glycine in TBS for 30 rain. The samples were then purified on 
separate 2-ml Sepbadex G-25 columns (Pharmacia Fine Chemicals) and, 
in a  second step in the cold, on separate 0.6  ×  45-cm Sepharose CL-6B 
columns, all  equilibrated in TBS  containing 2.5  mM  EDTA,  10  ttg/ml 
p-hydroxymereuribenzoate, 1 mM PMSE 
Analytical Techniques 
Turbidity Assay. Laminin was dialyzed into TBS containing 1 mM CaCI2 
and centrifuged in l-l.5-ml aliquots at 40,000 rpm at 2°C in a type 65 rotor 
(Beckman Instruments, Inc.,°Fullerton, CA) for 70 rain. The supernatants 
were used for turbidity and centrifugation assays. Laminin self-aggregation 
was followed by the increase of turbidity at 360 nm in TBS containing 1 
mM CaCIz at 35"C for 60 rain. Samples were placed in prewarmed l-ml 
quartz cuvettes, and absorbance was measured at l-rain intervals in an auto- 
mated double beam spectrophotometer (model Lamlxla-4;  Perkin-Elmer 
Corp., Oceanport, N J) using a buffer blank. The self-aggregation  of laminin 
was inhibited, using constant laminin (0.25 mg/ml) but increasing fragment 
concentrations (0-1.6 mg/ml). It was found that the fragments themselves, 
incubated without laminin, produced no measurable turbidity. The percent- 
age of inhibition was calculated setting the increase of turbidity of the pure 
laminin samples as 100%. 
Sedimentation Assay. Samples with constant tESl-laminin (0.25 mg/ml, 
35,000-50000  cpm/mg), but variable fragment concentration (0-1.6 mg/ 
ml), were incubated in TBS, 1 mM CaCI2 at 35"C for 60 min in quartz cu- 
vettes or 1.5-ml Eppendorf tubes and were spun at 13,500 rpm (16,000 g) 
using these tubes in a Hermle (Goshaim, West Germany) Z231M microcen- 
trifuge. The laminin concentration was determined in the supernatant at the 
beginning of the incubation and after centrifugation. The degree of inhibi- 
tion was calculated by comparing the sedimented protein of a pure laminin 
sample (100%) with the samples containing laminin and defined fragments. 
Affinity Retardation Chromatography. The migration of different frag- 
ments on a long laminin affinity column (3 mm  ×  35 cm) relative to that 
on a similar BSA column (3 nun  x  35 cm) was compared. The proteins 
were coupled to AffiGel 15 (Bio-Rad Laboratories) in 0.1 M Hepes (Sigma 
Chemical Co.). The final columns contained 1.25 nag laminin or 1.7 nag BSA 
per 1 ml gel, respectively. During the chromatograph, two or three drop 
fractions were taken and either the counts of 125I-labeled fragments or the 
protein concentration of the fractions were followed (protein assay kit; Bio- 
Rad Laboratories). The void volume of both columns was determined using 
blue dextran 2000 (Sigma Chemical Co.) and laminin fragment PI', which 
both appeared at the same position. The total volume was determined for 
every chromatography using phenol red or free 125I radioactivity.  To com- 
pare the relative elntion positions between columns, Kay was defined as (Ve 
-  Vo)/Vt -  Vo), where Ve is the elution volume, Vo is the void volume, and 
Vt is the total volume. Kay is dependent on both the affinity between the 
column and the fragment and on the sizing effect of the gel to which the 
protein was coupled. 
SDS-PAGE.  SDS-PAGE was carried out on 3.5-12%  linear gradient 
gels, as described (10), and gels were stained with Coomassie brilliant blue 
17,250. 
Electron Microscopy. Macromolecular samples (15-40 ~g/ml) in 55 % 
glycerol,  45%  0.15-0.2  M  ammonium  bicarbonate  were  sprayed  onto 
freshly cleaved mica and rotary shadowed at an 8 ° angle with 0.6-0.8 nm 
Pt/C in a BAF 301 or 500 freeze-etch-fracture  unit (Baizers, Hudson, NH) 
(20). Replicas were examined in a 420 electron microscope (Philips Elec- 




Defined fragments  of laminin (elastase  fragments  El;  E4, 
and E8 and pepsin fragment PI') were used to investigate  the 
self-binding of laminin (Fig.  1).  El' is observed in rotary- 
shadowed Pt/C replicas as a Y-shaped particle with two short 
(each ,~37-nm-long) arms, each with a pair of globules and 
a third shorter arm segment (,,020 nm), the latter lacking the 
inner globular domain (Fig. 2 b). Occasionally an additional 
small stub is observed on one of its arms. When analyzed by 
SDS-PAGE,  the fragment migrates as a doublet  (460/420 
kD) nonreduced and several bands if reduced, indicating that 
the complex is held together by internal disulfides (Fig. 2 a). 
Fragment E4, which is the NH2-terminal  end (domains VI 
and V) (7) of the B1 chain short arm, has the appearance  of 
a small globule and stem in Pt/C replicas (Fig. 2 e) and mi- 
grates by SDS-PAGE reduced and unreduced as a single band 
The Journal  of Cell Biology,  Volume 110, 1990  826 Figure L Domain structure of laminin. Localization of the elastase 
fragment El', E4, E3, and E8 and the pepsin fragment PI' within 
the four-arm structure of laminin and an approximate position of 
the dumbbell-shaped entactin (nidogen) molecule (En) in the lami- 
nin-entactin complex. 
of apparent relative molecular mass  of 75  kD  (Fig.  2  a). 
Fragment E8 is the distal stem and proximal half of the large 
globule of  the long arm of laminin. In rotary-shadowed repli- 
cas, it is seen as a thin rod connected to a globule (Fig. 2 
d) and migrates as two bands by SDS-PAGE, the larger band 
at 120 kD and the smaller band at "~80 kD (nonreduced) and 
smaller when reduced (Fig. 2 a).  Recently, it has been re- 
ported (2) that fragment E3, which represents subdomains 
G4 and G5 of the A chain, is adjacent to and not included 
in the globular domain of fragment E8. Fragment PI' is pro- 
duced after pepsin digestion: morphologically it is seen as 
a Y-shaped particle with one arm ~35 nm long and the other 
two arms 20-25 nm long, all without recognizable globules. 
Like El', it is a short arm complex but lacks the intact globu- 
lar domains (Fig. 2 c). In nonreduced SDS-polyacrylamide 
gels, it migrates with an apparent relative molecular mass of 
350 kD, smaller than El' (Fig. 2 a). 
Inhibition of the Laminin Polymerization 
Laminin-entactin aggregated in a typical sigmoidal fashion 
as  measured by turbidity at  35°C  TBS containing  1 mM 
CaCI2  (26).  The  increase of turbidity could be  inhibited 
with laminin fragments E4 and El' but not with fragments PI' 
and E8 or with BSA (Fig. 3). Previously, it has been shown 
that there is a linear relationship between the amount of  poly- 
mer and turbidity (26).  However, since we did not know 
whether this relationship would remain linear in the presence 
of inhibition fragments, the amount of polymer formed at 
different  inhibiting  concentrations  of  fragment  was  also 
directly  quantitated  by  sedimentation.  The  inhibition  of 
laminin aggregation was dependent on the concentrations of 
fragments FA and El', with 50% inhibition achieved at a 3-fold 
Figure 2. Laminin fragments. (a) SDS-PAGE  of laminin fragments. Electmphoresis was performed in 3.5-12% gradient gels with (lanes 
1-4) and without prior reduction (lanes 1'-4'). Samples were fragments El' (lanes I and 1'), P1 (lanes 2 and 2'), E8 (lanes 3 and Y), and 
FA (lanes 4 and 4'). The position of standard proteins of known relative molecular mass are indicated. (b-e) Rotary shadowing electron 
microscopy of laminin fragments. Representative electron micrographs of laminin fragments El' (b), PI' (c), E8 (d), and FA (e) after low 
angle rotary shadowing with Pt/C. Bar, 100 nm. 
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Figure 3. Time course of an inhi- 
bition of the laminin polymeriza- 
tion.  Laminin  self-aggregation 
was followed by the  increase of 
turbidity at 360 nm in TBS con- 
mining  1 mM  calcium  at 35°C 
(solid circle). Elastase fragments 
E4 (solid square; 0.125 mg/ml) 
and El' (solid diamond; 0.8 rag/ 
ml) inhibited laminin self-assem- 
bly in contrast  to fragments  E8 
(open circle; 0.48 mg/ml) and Pl' 
(open diamond; 0.56 mg/ml) and 
BSA (open square; 0.115 mg/ml). 
The laminin-entactin  concentra- 
tion of all samples was 0.25 mg/ 
ml and the molar ratio of laminin 
to inhibitor was 1:8 (0.21:1.7 #M). 
Every data  point  represents  the 
mean of  three or four parallel pro- 
cessed samples. The standard de- 
viation is shown for every twen- 
tieth data point. 
(El') to 5-fold (E4) molar excess and essentially complete in- 
hibition achieved at a 30-fold molar excess of fragment (Fig. 
4). In contrast, fragments E8 and PI' as well as BSA failed 
to show any effect on the laminin aggregation, even at high 
concentrations (16-32-fold molar excess; Fig. 4). The results 
of the centrifugation assay correlated well with the inhibition 
of turbidity. 
The molecular morphology of laminin-fragment mixtures 
was examined. Laminin (0.25 mg/ml) was incubated either 
alone or in molar excess of E4 (0.2 mg/ml) or PI' (0.1-0.4 
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Figure 4. Concentration dependency of the inhibition of the laminin 
polymerization. The inhibition of the laminin self-aggregation was 
followed by the centrifugation assay. ~:SI-laminin  (0.25 mg/ml) and 
variable mounts of unlabeled fragments were incubated in TBS 
containing 1 mM calcium at 35°C. The aggregates were sedimented, 
and the amount of the formed polymer was determined by the mea- 
surement of the ~I-laminin concentration in the supernatant. The 
percentage of inhibition is dependent on the concentration of frag- 
ment E4 (solid square; 0.008-0.5 mg/ml) and El' (solid diamond; 
0.05-1.6 mg/ml). In contrast, even 16-32-fold molar excess of the 
fragments E8 (open circle; 0.03-0.96  mg/ml) and PI' (open dia- 
mond;  0.03-1.12  mg/ml)  or  of BSA  (open square; 0.007-0.46 
mg/ml) failed to interfere with the laminin polymerization.  In the 
absence  of inhibitors,  70%  of the  total laminin  aggregated and 
precipitated. 
mg/ml) for 30 min at 35°C in TBS, 0.1  mM CaC12, diluted 
20-fold into ammonium bicarbonate, glycerol, rotary shad- 
owed, and examined in the electron microscope. The striking 
finding was that, while many large laminin polymer aggre- 
gates were noted in the laminin and laminin-Pl' preparations, 
mostly free monomers, scattered oligomeric forms, and only 
rare aggregates were observed with a laminin-E4 mixture. 
The laminin-E4 replicas, however, were less useful for de- 
termination of binding specificity. First, obvious interactions 
were not frequently observed. Second, most apparent inter- 
actions were ambiguous with respect to binding location. We 
would attribute the first problem to mass action dissociation 
for a relatively low affinity interaction after dilution (see be- 
low) and the second to the difficulty in discerning a  small 
particle adjacent to a large flexible macromolecule. 
AJ~nity Retardation Chromatography 
While overall affinities for cooperative protein polymeriza- 
tion can be substantial,  individual domain interactions that 
contribute to self-assembly are often of low affinity (13). This 
turned out to be the case with laminin and required the devel- 
opment of a detection method that limits dissociation during 
separation of bound from unbound species. We first evalu- 
ated the method of equilibrium gel filtration (8).  However, 
this method proved to be unsatisfactory because most of the 
laminin became trapped inside the column.  Therefore, we 
instead took advantage of the ability of ligands to be retarded 
in their migration down a long specific binding column when 
the affinities are not sufficiently high to permit complete im- 
mobilization.  In  buffer  conditions  of physiological  ionic 
strength  and  pH,  the  migration  of different laminin  frag- 
ments was determined on specific affinity columns. Retarda- 
tion of migration, as determined against a standard nonreact- 
ing (reference) column, was used as a measure of relative 
affinity. This relative retardation on the affinity column is 
caused by a shifting of the distribution between the stationary 
and the mobile phase towards the stationary phase. The first 
(affinity) column was prepared by covalently coupling lami- 
nin (as the laminin-entactin complex) to the gel. The second 
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Figure 5.  Affinity retardation  chromatography of 
fragment E4. (a) The migration behavior of frag- 
ment E4 on a BSA affinity column (open circle) 
and on a similar  laminin column (solid circle)  in 
TBS containing 1 mM CaCI2 at 35°C was evalu- 
ated.  Relative  to the BSA column a  substantial 
retardation  could  be  detected  on  the  laminin 
column.  Under the same conditions,  except that 
the buffer contains  1 mM EDTA instead  of cal- 
cium, the retardation  on the laminin  column ap- 
pears to be in between that on the BSA column and 
that on the laminin  column with calcium present 
(solid square).  (b) At 4°C,  no difference  in the 
migration of fragment F_.4 could be detected  be- 
tween  the  BSA  (open  circle)  and  the  laminin 
column,  independent  of whether calcium (solid 
circle) or EDTA (solid square) was present in the 
buffer. The protein concentration in each fraction 
was determined using the Bradford assay and mea- 
suring the optical density at 595 nm. K,~ is the 
position relative to the void (zero; Vo) and the to- 
tal volume (one; V,) of the column. 
and  third  (reference)  columns  were  coupled with  BSA or 
laminin fragment PI', respectively. The void volume of every 
column was determined using laminin fragment PI' and the 
fastest  moving peak of blue  dextran  (both  gave the  same 
value).  The total  (included)  volume was determined  with 
phenol red and free '25I and was used to normalize migra- 
tion and  the peak positions for each column.  K~v was de- 
fined as the relative peak position on a column,  setting the 
void volume as zero and the total volume as one.  Because 
the migration is dependent on the molecular sieve effect of 
the gel and the binding affinity between the immobilized and 
the mobile ligand, the elution volume could be larger than 
the total volume of the column. Therefore, K,, as used here, 
may be larger than one. The migration of the fragments E4, 
PI', and E8 were compared on different Affigel 15 columns 
coupled to no protein (water), laminin, BSA, or fragment PI' 
under nonbinding conditions (1 mM EDTA, 4°C). No differ- 
ence in the sieving characteristics for each of these compo- 
nents on the four columns could be detected.  Therefore,  it 
appears unlikely that the sieving properties  are affected by 
the protein coupling.  The fractionation range of these col- 
umns was determined to be •5-2,000  kD. We refer to this 
method, which represents modifications of a basic approach 
used for nonproteinaceous ligands (5, 9), as affinity retarda- 
tion chromatography. 
At 35°C, the migration of the fragment E4 was retarded 
(Fig. 5 a) on the laminin affinity column relative to that on 
a reference column of identical dimensions hut coupled to al- 
bumin.  Retardation,  and hence binding affinity, of E4 was 
calcium dependent.  In buffer containing  1 mM CaCI2, the 
retardation of fragment E4 on the laminin column was the 
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Figure 6.  Affinity retardation  chromatography of 
fragment E& The retardation  of ~I-labeled frag- 
ment E8 on a laminin column (solid circle) was 
compared with  the  behavior on a  similar BSA 
affinity column (open circle)  in TBS containing 1 
mM CaCI2 at 35"C.  No difference  could be de- 
tected.  The small peak in the total volume of the 
BSA and laminin column is due to free counts (see 
results).  K~  is  the position relative  to the void 
(zero;  Vo) and the total  volume (one;  Vt) of the 
column. 
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buffer (1 mM EDTA),  E4 retardation was significantly less, 
and the K, shifted only from 0.43  on the BSA column to 
0.50 on the laminin column. Thus, binding of E4 to laminin 
is decreased if calcium is absent. The binding of E4 was also 
found to be temperature dependent (Fig. 5 b). In contrast to 
35°C,  no  significant retardation or binding,  respectively, 
could be detected at 4°C  either with or without calcium 
(K~v values =  0.43-0.45). 
For fragment E8, no binding to laminin could be detected 
(Fig. 6). This fragment migrated at a position of K, equal 
to 0.34-0.36 on the laminin, BSA, and fragment PI' affinity 
columns in TBS with or without calcium and at 4 or 35°C 
(plot for 35°C and 1 mM calcium shown [plot not shown for 
other conditions]; the small peak in the total volume of the 
BSA and laminin column is due to free counts because the 
peak contains no protein and appears at the same position as 
free iodine). As a further control, the interaction of fragment 
PI' with laminin was investigated because it was expected 
from previous studies (26) that this fragment would not bind 
to laminin or to itself. Fragment PI' migrated very consis- 
tently at the same position (K, =  0.16) on the three affinity 
columns regardless of which buffer or temperature was used 
(plots for 35°C and 1 mM calcium shown in Fig. 7). 
The affinity retardation behavior of fragment El' was also 
examined. In calcium-containing TBS, fragment El' became 
trapped on both the laminin affinity (laminin) and the refer- 
ence (BSA) column and could not be eluted unless high salt, 
EDTA-containing TBS (1 M NaCI, 1 mM EDTA), was used. 
In calcium-depleted buffer (TBS,  1 mM EDTA), no trapping 
or retardation occurred. It appeared likely that this trapping 
effect was a consequence of  El' self-interactions similar to the 
effect encountered earlier with intact laminin. To pursue the 
oligomerization  effect further, the El' complexes were visual- 
ized in rotary-shadowed replicas after exchange from TBS 
containing 1 mM calcium into 0.2 M ammonium bicarbonate 
(Fig. 8). The electron micrographs revealed the presence of 
small  to  intermediate-sized  oligomers.  These  complexes 
were smaller than the aggregates produced by intact laminin, 
and no large polymers were observed. The later finding is 
consistent with the result that fragment El' does not cause any 
turbidity if incubated under laminin polymerization condi- 
tions (TBS,  1 mM CaCI2, 35°C). Like earlier observations 
for intact laminin (26), in many cases end-to-end interactions 
of fragment El' were observed, but often the structure was 
too complex to interpret in an unambiguous manner. 
Discussion 
Laminin self-assembly has the characteristics of a coopera- 
tive nucleation/propagation assembly: there is a critical con- 
centration (,,o60 #M) below which aggregation does not oc- 
cur and there is a relative paucity of  oligomeric intermediates 
in incubation mixtures (26).  Assembly can be divided into a 
temperature-dependent oligomer step and a calcium-depen- 
dent polymer step.  Polymerization is thermally reversible, 
and laminin can be cycled between an aggregated and nonag- 
gregated state by cycling between 35 and 0-5°C. While it is 
not clear if calcium plays a regulatory role in vivo (e.g., to 
inhibit laminin self-assembly before its release into the ex- 
tracellular space) or if the role of calcium is simply to stabi- 
lize laminin constitutively into a  functional conformation, 
the divalent cation effect has helped to dissect the polymer- 
ization process. 
When the polymerization of laminin (26)  was first de- 
scribed, the main evidence for domain specificity was the 
electron microscopic identification ofoligomers with end-to- 
end associations. The presence of additional or different in- 
teractions among the large polymers could not be excluded 
in electron micrographs of low angle-shadowed prepara- 
tions. From our study of the polymerization-inhibiting  prop- 
erties and direct binding capabilities of defined laminin frag- 
ments, it is now possible to substantiate a number of these 
earlier findings as well as to extend our understanding of the 
complex set of specific interactions that contribute to poly- 
merization. 
By measuring the increase of laminin turbidity or sedi- 
merited aggregates, we have shown that laminin polymeriza- 
tion can be quantitatively inhibited with fragment E4, which 
possesses the NH2-terminal short arm globular domain from 
the B1 chain (7), and with fragment El', which possesses the 
NH2-terminal  globular domain pairs of the A  and the 132 
chain. In contrast, fragment PI', which lacks the terminal do- 
mains of the short arms, and fragment E8 do not possess the 
ability to interfere with the laminin polymerization (Figs. 1, 
3, and 4). Paulsson et al. (18) have shown by a combination 
of cross-linking and gel filtration in chaotropic buffers that 
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Figure  7.  Affinity retardation  chromatography  of 
fragment PI'.  Comparing the  migration of  125I- 
labeled fragment Pl' on a  BSA affinity column 
(open  circle)  and on a  laminin affinity column 
(solid circle),  no difference could be detected  in 
TBS containing 1 mM CaCI2 at 35°C. Therefore, 
no binding of fragment Pl' to laminin was ob- 
served.  K~  is the  position relative  to the  void 
(zero;  Vo) and the total  volume (one; E) of the 
column. 
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rotary-shadowed replica of frag- 
ment El'. Fragment  El' maintained 
in TBS containing 1 mM calcium 
was dialyzed into 0.2 M ammo- 
nium bicarbonate, sprayed onto 
mica, and rotary shadowed  at low 
angle with Pt/C. Monomeric El' 
(arrows)  as well as small-to-me- 
dium-sized  El' oligomers (dou- 
ble arrows) were observed. End- 
to-end  interactions of fragment 
El' can be identified, whereas ad- 
ditional binding sites can not be 
excluded in  more  complex ag- 
gregates. 
cium, while smaller fragments like E1 have lost this ability. 
Our results are in agreement with their findings. Fragment 
El' was visualized by electron microscopy and monomeric 
and oligomeric forms were observed (Fig. 8). At 35°C with 
calcium present, fragment El' was trapped in our columns, 
a consequence, we believe, of the formation of El' complexes. 
Fragment PI', on the other hand, neither binds to laminin nor 
forms oligomers. Therefore, we conclude that the NH~-ter- 
minal globular domains of  the short arms are critical for self- 
assembly. The visualization of  end-to-end interaction in frag- 
ment  El' oligomers  is  consistent with this  interpretation. 
However,  additional binding sites cannot be excluded be- 
cause the structure of the oligomers was often too complex 
to decipher.  Recently, Bruch et al.  (2)  generated a  larger 
fragment (designated C1-4),  consisting of all  three  intact 
short arms, with cathepsin G. Like intact laminin, this frag- 
ment forms large aggregates in calcium-containing buffers. 
The principal difference between the large cathepsin frag- 
ment and fragment El' is that the former possesses the termi- 
nal globule found in E4. Collectively, these data provide evi- 
dence that the self-aggregation domains of  the short arms are 
most likely located in their terminal regions and that the in- 
tactness of the three short arms is critical for the laminin po- 
lymerization. 
Previously, it has been found that half-maximal laminin 
aggregation is achieved at  '~10 #M Ca  2÷ with one to two 
calcium interactions of sufficient affinity to account for the 
development of conformational changes that confer poly- 
merization activity (15, 18). Using affinity retardation chro- 
matography, the temperature and calcium dependency of do- 
main E4 binding was studied. The binding of fragment E4 
to laminin shows the same temperature and calcium depen- 
dency as observed for laminin self-assembly (Fig. 5). We do 
not fully understand which domain contains the one or two 
calcium  binding  sites  necessary  for  the  polymerization. 
However,  we conclude that fragment El' possesses at least 
one of these sites since calcium is required for fragment El' 
self-aggregation (18) or binding to laminin. 
What is the structural role of laminin in basement mem- 
branes? One view of basement membrane organization is 
that type IV collagen forms the only polymeric scaffolding 
which then serves as a binding locus for all other basement 
membrane proteins (6,  11, 24). This would appear unlikely 
since there are laminin-rich basement membranes that lack 
type IV collagen (1). The observation that laminin can form 
large polymers on its own using domain-specific interactions 
argues for a double polymer system in basement membranes 
possessing  both  type IV  collagen and  laminin.  Laminin 
could contribute to basement membrane architecture through 
specific terminal arm interactions. The fixed arm lengths and 
the specific interactions between the end of the arms would 
produce  a  specific geometry in  three-dimensional space. 
This geometry would probably not be rigid because each in- 
dividual molecule exhibits some degree of flexibility.  The 
spatial relationships between the laminin and the collagen IV 
polymers may then be maintained through direct larninin-to- 
collagen binding (probably of low affinity) (3) and indirectly 
through an entactin (nidogen) bridge (22). 
During development (12, 24), laminin is laid down as the 
first abundant basement membrane protein and, during an- 
giogenesis, it is the first one to be observed at the growing 
tip of  a new capillary (6). Here, laminin may provide the only 
polymer scaffolding and may be the predecessor to a more 
stable laminin-collagen network. While the type IV collagen 
network becomes rapidly covalently cross-linked after as- 
sembly, the laminin polymer is,  initially at least, held to- 
gether by a  number of noncovalent and low  affinity, but 
specific, interactions. Such a laminin-polymer-based matrix 
has the potential to be remodeled through readily reversible 
interactions, a feature we would expect to be useful in a de- 
veloping basement membrane. This ability to dissociate ap- 
pears to be lost in a number of basement membranes after 
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is  difficult to  extract  without the  aid  of proteolysis  (23), 
whereas laminin is easily dissociated with EDTA in isotonic 
buffer  from embryonic  Reichert's  membrane  or  from the 
Engelbreth-Holm-Swarm tumor (tumor matrix and its lami- 
nin are only a few weeks old at time of harvest).  Laminin 
polymer gels, stored at 35°C over several weeks, lose their 
ability to dissociate even if during storage no covalent bonds 
are formed. This observation may be the in vitro counterpart 
to the above-mentioned findings in placenta. Thus, the early 
plasticity  and  reversibility  of laminin  supramolecular  ar- 
chitecture may give way to a stable and relatively irreversible 
assembly  no longer subject to remodeling.  This structural 
transition  needs to now be considered in the context of the 
specific domain interactions  described in this study. 
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